Introduction
One of the most exciting aspects of scaling in the development of complementary metal-oxide-semiconductor (CMOS) technology is the exponentially increasing importance of new materials. After the 130 nm node, equivalent scaling based on judicious materials selection takes over from dimensional scaling: straining the Si channel by means of an epitaxially-strained SiGe source and drain structures boosted mobility, and hence drive currents (65-90 nm node), high-k oxides helped reduce gate leakage (45-65 nm node), Trigate or Fin field-effect transistors (FET) allowed better electrostatic control (10-22 nm nodes). However, for nodes below 10 nm, further progress requires even higher charge carrier mobilities than what can be delivered by strained Si. Alternative channel materials have been proposed; Ge for p-MOS and III-V (InP and especially InGaAs) for n-MOS, always manufactured by epitaxial growth [1] [2] [3] . Significant progress has been reported over the last 4-5 years for the integration of Ge channels on Si for enhanced pMOS devices [4] [5] [6] . However, similar progress for III-V materials has proved to be far more difficult, and only recently has an important breakthrough been reported for integrating device quality III-V materials on 300 mm Si wafers [7, 8] . The lattice mismatch with respect to Si (4% for Ge, 8% for InP, 12% for InAs) is an important source similar mechanism for InP dissolution in aqueous HCl solutions based on undissociated HCl [25] . Later, a comparable reaction scheme was proposed for HBr [26] . Both acids show a strong anisotropy in etching (i.e., surface reactions are rate limiting)-a condition required for defect revealing [24] . By studying the etching kinetics in the low etch rate range for various crystal orientations in H 2 SO 4 and HCl, we were able to demonstrate that another mechanism involving H + also needs to be considered. The results are beyond the scope of this work, and will be published elsewhere [27] . In this study, we will first discuss defect selective etching for bulk InP. The learning will be used as a starting point for revealing the characteristic stacking faults/twinning planes and threading dislocations in InP fin structures, currently used for laser applications [28] and as buffer layer for InGaAs in gate-all-around nanowire devices [29] .
Results and Discussion

Etch Pit Formation in Bulk InP (100)
When a defect-free InP surface is etched in HBr solution through a micron-size pinhole window in a chemically-resistant mask, a rectangle-like etch pit is expected aligned along the [011] and the [011] directions. The elongation in the [011] direction can be attributed to the higher etch rate of the (111)-P plane with respect to the (111)-In plane. Such an anisotropy in etching has been exploited during the last decades for the formation of grooves in InP, required for various optical applications [30, 31] . Although (111)-In is chemically the most stable, studies have shown that other low index planes may also be revealed, depending on the chemical composition of the etchant. For instance, in HCl solution, a higher index (112) plane is observed which serves as an etch stop [32] . When extended defects are present-mainly edge-type dislocations in bulk InP (some mixed and screw dislocations may also be present) [33] -the typical anisotropy in etching is disrupted. Interruption of crystal periodicity induces a stress field and dangling bonds which lower chemical stability. The etch rate increases around the defect site and causes pit formation. Figure 1a ,b shows optical microscopy images of defects revealed after a 5 min immersion in 5.9 M HBr and 5.0 M HCl solution, respectively. In the former case, rectangular etch pit features align along the [011] and [011] direction. The pits are more or less center symmetrical, showing that the dislocations are oriented mainly perpendicular to the surface. Etch pits can appear as pairs when two sides of a half dislocation loop are etched simultaneously. The large steps visible on the sidewalls of the pit indicate the presence of precipitants related to the Cottrell atmosphere surrounding the dislocation [34] . However, HCl immersion results in distinct boat-like pits aligned along the [011] direction. No facets are present at the far ends of the pit. Figure 1c shows a tilted AFM image recorded in the center of the pit after 5 min of immersion in 5 M HBr. Although the sidewalls of the pits are quite smooth, pitting of the surface may refer to the presence of point defects.
The surface surrounding the fully imaged pit in Figure 1d (4 M HCl, 5 min immersion) shows strong roughening-critical for defect revealing in nanoscale fin structures (see the following sections). The pits obtained after etching in HBr and HCl solution are shallow, as evidenced by the small sidewall slope (see cross-section Figure 1e ,f, respectively). Clearly, no (111) or (112) planes are exposed, as observed after etching defect-free bulk material. The sidewall slope is determined by the ratio of the vertical etch rate V n at the outcrop of a dislocation and the step propagation velocity V s (the lateral etch rate parallel to the (100) surface (Figure 1g ). Although the pit depth has been correlated to the energy of dislocations (e.g., edge versus screw) [35, 36] , the chemical properties of the Cottrell atmosphere may also have an impact [37] . Based on inductively coupled plasma mass spectrometry measurements, we estimate that V n is 2-3× larger than the bulk etch rate (V b ) of the (100) surface for both HBr and HCl [38] . The striking difference in pit morphology for the two acids possibly originates from an anisotropy in V s . In earlier work, we demonstrated that the morphology of atomic terraces on InP (100) was different for H 2 SO 4 and HCl solution, supporting such a crystal orientation dependence [38, 39] .
The etch pit density obtained after immersion in HBr and HCl was about 500-1000 cm −2 , showing that low defect densities can be easily quantified by simple microscopy. A high density of stacking faults and twinning planes in the respective {111} planes are visible at the hetero-interface visualized by high-resolution TEM (HR-TEM) (Figure 2b ). Although most of the defects are effectively trapped at the SiO2 sidewalls, some stacking faults and twinning planes are still able to reach the (100) fin surface in {111} planes along the fin length, clearly visible from the contrast fringes in the cross-section and plan-view TEM images (Figure 2c,d ). Selective etching of such planar defects will induce grooves perpendicular to the trench along the [01 1 ] direction. One Figure 2a shows a schematic representation of an InP fin grown on a Si V-groove inside a shallow trench isolation (STI) template, used in regular CMOS processing. The V-shaped bottom constitutes of (111 ) and (111) A high density of stacking faults and twinning planes in the respective {111} planes are visible at the hetero-interface visualized by high-resolution TEM (HR-TEM) (Figure 2b ). Although most of the defects are effectively trapped at the SiO2 sidewalls, some stacking faults and twinning planes are still able to reach the (100) fin surface in {111} planes along the fin length, clearly visible from the contrast fringes in the cross-section and plan-view TEM images (Figure 2c A high density of stacking faults and twinning planes in the respective {111} planes are visible at the hetero-interface visualized by high-resolution TEM (HR-TEM) (Figure 2b ). Although most of the defects are effectively trapped at the SiO 2 sidewalls, some stacking faults and twinning planes are still able to reach the (100) fin surface in {111} planes along the fin length, clearly visible from the contrast fringes in the cross-section and plan-view TEM images (Figure 2c,d ). Selective etching of such planar defects will induce grooves perpendicular to the trench along the [011] direction. One important issue is that revealing stacking faults/twinning planes is impeded by fin roughening due to the highly anisotropic nature of the etchant. Furthermore, when the etch rate is too high (or the etch time too long), overlap of etched grooves from closely-spaced defects will occur. An example is shown in Figure 3a , which shows an AFM image of a 100 nm-wide fin shown after immersion in 3 M HBr for 2 min. Deep and wide grooves are visible, attributed to the presence of multiple stacking faults/twinning planes (the result for 3 M HCl is comparable.) Another complication is severe chemical attack of the (110) fin side walls (dotted arrows, Figure 3b ). For this reason, we studied the fin recess (i.e., V b ) for defect-free regions relative to the unetched surface as function of HCl and HBr concentration for 40, 100, and 200 nm structures. The immersion time was kept constant at 2.5 min. For effective defect revealing, there should be minimal fin recess. important issue is that revealing stacking faults/twinning planes is impeded by fin roughening due to the highly anisotropic nature of the etchant. Furthermore, when the etch rate is too high (or the etch time too long), overlap of etched grooves from closely-spaced defects will occur. An example is shown in Figure 3a , which shows an AFM image of a 100 nm-wide fin shown after immersion in 3 M HBr for 2 min. Deep and wide grooves are visible, attributed to the presence of multiple stacking faults/twinning planes (the result for 3 M HCl is comparable.) Another complication is severe chemical attack of the (110) fin side walls (dotted arrows, Figure 3b ). For this reason, we studied the fin recess (i.e., Vb) for defect-free regions relative to the unetched surface as function of HCl and HBr concentration for 40, 100, and 200 nm structures. The immersion time was kept constant at 2.5 min.
Revealing Defects in Nanoscale InP Fin Structures Grown by ART
For effective defect revealing, there should be minimal fin recess. Figure 3c shows the results for a 100 nm fin. In all cases, a small but distinct difference between the acids was observed regarding the onset of etching. While the fin recess increased gradually with increasing HBr concentration, a more pronounced onset of etching was observed for HCl. Extensive AFM analysis indicated a minimum recess in the range 1.0-1.5 M HCl, providing a larger process window for defect-selective etching than HBr solution. It should be noted that the overall crystallinity and uniformity of the material across the device wafer determines the onset of etching. For instance, the etch rate of bulk (100) InP in 2 M HCl is one order of magnitude lower than that of InP fins. Any growth modification may therefore require recalibration of the acid concentration. Figure 4a shows a top view AFM image of a 200 nm wide and 2 μm long fin section after partial STI oxide recess in 1.5% HF solution. (InP is not etched in HF: the native oxide is not fully removed by the acid). After 2.5 min of immersion in 1.25 M HCl (b), the stacking faults/twins are revealed. They cross the full width of the trench from oxide to oxide-they are not bound to dislocations. A tilted AFM image of a 1 μm fin section is shown in (c). About five to seven defects/μm length were typically detected in the 200 nm-wide fin. However, in the smaller 100 nm (d-f) and 40 nm (g-i) wide fins, the number of planar defects was larger, 10-14 defects/μm were revealed by 2.5 min of immersion in 1 M HCl solution, which is in good agreement with TEM quantification. The increase in planar defects with decreasing fin width may be attributed to a higher surface roughness of the STI walls for narrower trenches, causing additional defect nucleation during epitaxial growth. Some fin narrowing is observed after HCl immersion, attributed to anisotropy in etching-Vb (110) > (100) [27, 38] . Apparently, HCl can penetrate the InP/SIO2 interface. Cross-section TEM confirms that the characteristic grooves are formed due to selective etching of {111} stacking faults and or twinning planes (Figure 5a,b) . The etched grooves are fairly shallow. A typical X-Z plot obtained by AFM for a 40 nm fin (Figure 5c ) shows that they are about 1 nm deep and about 20 nm wide. Defects located at a shorter range will appear as a deeper and wider feature due to overlap. Figure 3c shows the results for a 100 nm fin. In all cases, a small but distinct difference between the acids was observed regarding the onset of etching. While the fin recess increased gradually with increasing HBr concentration, a more pronounced onset of etching was observed for HCl. Extensive AFM analysis indicated a minimum recess in the range 1.0-1.5 M HCl, providing a larger process window for defect-selective etching than HBr solution. It should be noted that the overall crystallinity and uniformity of the material across the device wafer determines the onset of etching. For instance, the etch rate of bulk (100) InP in 2 M HCl is one order of magnitude lower than that of InP fins. Any growth modification may therefore require recalibration of the acid concentration. Figure 4a shows a top view AFM image of a 200 nm wide and 2 µm long fin section after partial STI oxide recess in 1.5% HF solution. (InP is not etched in HF: the native oxide is not fully removed by the acid). After 2.5 min of immersion in 1.25 M HCl (b), the stacking faults/twins are revealed. They cross the full width of the trench from oxide to oxide-they are not bound to dislocations. A tilted AFM image of a 1 µm fin section is shown in (c). About five to seven defects/µm length were typically detected in the 200 nm-wide fin. However, in the smaller 100 nm (d-f) and 40 nm (g-i) wide fins, the number of planar defects was larger, 10-14 defects/µm were revealed by 2.5 min of immersion in 1 M HCl solution, which is in good agreement with TEM quantification. The increase in planar defects with decreasing fin width may be attributed to a higher surface roughness of the STI walls for narrower trenches, causing additional defect nucleation during epitaxial growth. Some fin narrowing is observed after HCl immersion, attributed to anisotropy in etching-V b (110) > (100) [27, 38] . Apparently, HCl can penetrate the InP/SIO 2 interface. Cross-section TEM confirms that the characteristic grooves are formed due to selective etching of {111} stacking faults and or twinning planes (Figure 5a,b) . The etched grooves are fairly shallow. A typical X-Z plot obtained by AFM for a 40 nm fin (Figure 5c) shows that they are about 1 nm deep and about 20 nm wide. Defects located at a shorter range will appear as a deeper and wider feature due to overlap. The groove shown in Figure 5d for a 100 nm fin may therefore hint to the presence of multiple surfacing defects. More dedicated TEM studies are required to further investigate this. Prolonged etching to extend the pit along the {111} plane is theoretically possible. However, deepening of the grooves in combination with increasing surface roughness (Vb ≠ 0) is not beneficial for quantification purposes.
Revealing Defects in Wide-Field InP Fin Structures
Revealing defects in wide fins is more challenging. Due to ineffective ART, dislocations also reach the fin surface next to stacking faults/twinning planes (Figure 6a-c, respectively) . Most dislocations run in projection on the TEM images more or less along the length of the fins. Their The groove shown in Figure 5d for a 100 nm fin may therefore hint to the presence of multiple surfacing defects. More dedicated TEM studies are required to further investigate this. Prolonged etching to extend the pit along the {111} plane is theoretically possible. However, deepening of the grooves in combination with increasing surface roughness (Vb ≠ 0) is not beneficial for quantification purposes.
Revealing defects in wide fins is more challenging. Due to ineffective ART, dislocations also reach the fin surface next to stacking faults/twinning planes (Figure 6a-c, respectively) . Most dislocations run in projection on the TEM images more or less along the length of the fins. Their The groove shown in Figure 5d for a 100 nm fin may therefore hint to the presence of multiple surfacing defects. More dedicated TEM studies are required to further investigate this. Prolonged etching to extend the pit along the {111} plane is theoretically possible. However, deepening of the grooves in combination with increasing surface roughness (V b = 0) is not beneficial for quantification purposes.
Revealing defects in wide fins is more challenging. Due to ineffective ART, dislocations also reach the fin surface next to stacking faults/twinning planes (Figure 6a-c, respectively) . Most dislocations run in projection on the TEM images more or less along the length of the fins. Their crossing with the surface is a point. In contrast to the observations for bulk InP (Figure 1) , dislocations in InP fins are inclined as shown schematically in Figure 6d . Selective etching of the end points of these dislocations results in small and shallow pits, as indicated by the weak contrast features in the AFM images (Figure 6e,f) for 600 nm-long fin sections. The pits are only a few atomic layers deep and 10-20 nm wide. In case a dislocation is oriented perpendicular to the fin surface (as observed for bulk InP), boat-like pits would appear along the fin length (i.e., 011 ). As the dislocations are inclined, skewed pits are expected with an asymmetry depending on the orientation of the defect. The exact shape cannot be predicted, as the V s /V n ratio is not necessarily constant in time due to variations in local chemical properties of the Cottrell atmosphere [37] . Obtaining pit geometry by AFM is challenging. Longer immersion times would be required to enlarge the features. This is hindered by severe attack of the fin sides, presumably by selective etching of surfacing misfit dislocations not trapped at the SiO 2 sidewalls (Figure 6b,g ). Increasing surface roughness with increasing etch time also lowers resolution. The process window for revealing dislocations in wide fins appears limited. Another issue is when stacking faults/twins are bound to dislocations. They appear as dark contrast lines of different lengths in AFM that do not cross the full fin width. When planar defects appear short as indicated in Figure 6g , it is hard to define "an amount of elongation" that makes the difference between stacking fault/twin and threading dislocation. AFM image analysis suggests that the former have a slightly larger contrast. More in-depth studies are needed to elucidate this. crossing with the surface is a point. In contrast to the observations for bulk InP (Figure 1 ), dislocations in InP fins are inclined as shown schematically in Figure 6d . Selective etching of the end points of these dislocations results in small and shallow pits, as indicated by the weak contrast features in the AFM images (Figure 6e ,f) for 600 nm-long fin sections. The pits are only a few atomic layers deep and 10-20 nm wide. In case a dislocation is oriented perpendicular to the fin surface (as observed for bulk InP), boat-like pits would appear along the fin length (i.e., 01 1 ). As the dislocations are inclined, skewed pits are expected with an asymmetry depending on the orientation of the defect. The exact shape cannot be predicted, as the Vs/Vn ratio is not necessarily constant in time due to variations in local chemical properties of the Cottrell atmosphere [37] . Obtaining pit geometry by AFM is challenging. Longer immersion times would be required to enlarge the features. This is hindered by severe attack of the fin sides, presumably by selective etching of surfacing misfit dislocations not trapped at the SiO2 sidewalls (Figure 6b,g ). Increasing surface roughness with increasing etch time also lowers resolution. The process window for revealing dislocations in wide fins appears limited.
Another issue is when stacking faults/twins are bound to dislocations. They appear as dark contrast lines of different lengths in AFM that do not cross the full fin width. When planar defects appear short as indicated in Figure 6g , it is hard to define "an amount of elongation" that makes the difference between stacking fault/twin and threading dislocation. AFM image analysis suggests that the former have a slightly larger contrast. More in-depth studies are needed to elucidate this. 
Materials and Methods
Single side polished bulk (100) 2″ InP wafers with an etch pit density of −500/cm 2 were obtained from AXT Inc. The n-type wafers with orientation (100) were S-doped and had a carrier concentration of 5 × 10 16 cm −3 .
InP fin structures were grown inside narrow trenches on V-shaped Si grooves using selective area epitaxial growth on 300 mm Si wafers [7] . The narrow trenches were made in SiO2 with fairly standard shallow trench isolation (STI) patterning technologies [40] . After growth, a chemomechanical polishing step was performed to remove the overgrown InP material. 
Single side polished bulk (100) 2" InP wafers with an etch pit density of −500/cm 2 were obtained from AXT Inc. The n-type wafers with orientation (100) were S-doped and had a carrier concentration of 5 × 10 16 cm −3 .
InP fin structures were grown inside narrow trenches on V-shaped Si grooves using selective area epitaxial growth on 300 mm Si wafers [7] . The narrow trenches were made in SiO 2 with fairly standard shallow trench isolation (STI) patterning technologies [40] . After growth, a chemo-mechanical polishing step was performed to remove the overgrown InP material.
Samples were etched in a cleanroom environment using standard chemicals purchased from Sigma Aldrich: 37% HCl (12.00 M) and 48% HBr (8.84 M), p.a. quality.
Etch pit features were visualized using a Zeiss Axiotron microscope set-up equipped with a CCD camera, Atomic Force Microscopy (AFM) (Bruker Dimension 3100 with Nanoscope Analysis software), and transmission electron microscopy (TEM, FEI Tecnai300F). Prior to imaging the InP fins, the fins were exposed by recessing the STI oxide by immersion in 1.5% HF solution for 2 min.
Conclusions
Wet-chemical defect revealing in nanoscale InP fin structures was investigated. HCl and HBr solutions were explored as defect-selective etchants using bulk InP as a reference. Pit morphology was shown to strongly depend on the acid used. Typical rectangular pits were observed for HBr solution. After immersion in HCl, boat-like features were seen. This distinct difference for the two acids is attributed to a difference in anisotropy in step edge reactivity. Center-symmetry noticed for etch pits in bulk InP suggests that the dislocations are mainly oriented perpendicular to the surface. By studying the influence of acid concentration on fin recess, it was found that HCl solution provided a larger process window for revealing defects in InP grown by the ART approach-essential for limiting surface roughening and attack of the fin side walls. Planar defects could be revealed as characteristic grooves, which was confirmed by TEM inspection. The shallow grooves were about 1 nm deep. The lowest number of stacking faults or twinning planes per unit length was observed for 200 nanometer wide trenches. A larger number was found for 40 and 100 nm-wide fins. Our data suggests that maximum one planar defect/20 nm fin length can be detected using wet-chemical etching in combination with AFM analysis. Defects at shorter range cannot be distinguished due to overlap of the etched grooves. Revealing defects is challenging in 500 nm-wide fins. Ineffective aspect ratio trapping allows dislocations to reach the surface next to stack faults and twinning planes. Due to their inclined nature, the etch pits are shallow and only a few atomic layers deep. Enlarging the pits is difficult due to the high reactivity of the fin sides and the strong surface roughening during etching. Although the process window for revealing wet-chemical defects in InP fins is small, wet-chemical etching in combination with AFM analysis has proven to be an effective and simple method for quality inspection of III-V materials relevant for N5 technology nodes and beyond.
